ABSTRACT: Plasmonic modes with long radiative lifetimes combine strong nanoscale light confinement with a narrow spectral line width carrying the signature of Fano resonances, making them very promising for nanophotonic applications such as sensing, lasing, and switching. Their coupling to incident radiation, also known as radiance, determines their optical properties and optimal use in applications. In this work, we theoretically and experimentally demonstrate that the radiance of a plasmonic mode can be classified into three different regimes. In the weak coupling regime, the line shape exhibits remarkable sensitivity to the dielectric environment. We show that geometrical displacements and deformations at the Ångstrom scale can be detected optically by measuring the radiance. In the intermediate regime, the electromagnetic energy stored in the mode is maximal, with large electric field enhancements that can be exploited in surface enhanced spectroscopy applications. In the strong coupling regime, the interaction can result in hybridized modes with tunable energies.
W
ith their ability to concentrate light at a deepsubwavelength scale by excitation of surface plasmons, metallic nanostructures play a major role in current nanoscience. 1 In particular, optical tweezers, 2 antennas, 3,4 lasers, 5 photodetectors, 6 or biochemical sensing platforms 7, 8 have been scaled down to the nanometer range. However, their performance are limited by the short lifetimes of surface plasmon resonances. 9 Recently, it has been shown that the use of plasmonic modes with long radiative life times (subradiant modes) can drastically enhance the performance of nanophotonic devices. 10−12 Their spectral response carry an asymmetric line shape with sharp spectral features, characteristic of Fano resonances. 13−22 The coupling of subradiant modes to radiation, their radiance, is directly controlled by the geometrical configuration of the nanostructures, 19 and also governs their optical response and the location and amplitude of light confinement. 20 Despite the fact that the use of subradiant modes for nanophotonic applications critically depends on the coupling strength, the choice of an optimal regime has so far never been addressed.
In this work, we use a universal model for interacting radiative and localized channels to investigate the radiance of a plasmonic mode. We demonstrate that the radiance of a plasmonic mode can be classified into three different regimes. In the weak coupling regime, the radiance of the mode is small and extremely sensitive to perturbations in the coupling. We introduce a novel sensing concept, radiance sensing, which is based on the sensitivity of the radiance to the environment, rather than conventional plasmon sensing relying on the wavelength shift of plasmon modes. 8 In the intermediate regime, the radiative damping is equal to the intrinsic damping, and the radiance does not depend strongly on the coupling. However for this critical coupling, the electromagnetic energy stored in the mode is maximal and associated to large electromagnetic field enhancements. For strong coupling, the optical response can result in two distinct and broad hybridized modes. 23 We illustrate these universal findings theoretically and experimentally on two very different plasmonic nanostructures. Specifically, we study a plasmonic nanostructure consisting of a dipolar nanorod antenna on top of two parallel nanorods supporting a nonradiative quadrupolar mode. The other specific example consists of subwavelength slits in a metallic film fabricated with extreme ultraviolet interference lithography (EUV−IL). In this system, the plasmon mode supported by the individual nanowires serves as the subradiant mode, and its radiance is controlled by changing the width of the gap. The facile tuning of the coupling in this nanostructure makes it possible to reach all three levels of radiance. In the weak coupling regime, we show that radiance sensing enables the detection of gap widths at the sub-nanometer scale. Using surface-enhanced Raman scattering (SERS), we verify that the largest electric field enhancement occurs in the intermediate regime. Figure 1a illustrates the geometry of a plasmonic nanostructure characterized by a Fano-resonant response. 25 Each unit cell consists of a metallic nanoparticle placed on top of two parallel metallic nanoparticles. The top nanoparticle supports a plasmonic mode with a dipolar distribution of charges and acts as an antenna for receiving and emitting light. The two bottom nanoparticles support a hybridized plasmonic mode with a quadrupolar distribution of charges. In the quasistatic approximation, the out-of-phase dipole moments of the quadrupolar mode forbids far−field radiation. In the symmetric configuration (s = 0), only the antenna mode can be excited by the homogeneous field of a plane wave. The spectra of the nanostructure array are calculated with a full-field numerical method based on the solution of surface integrals. 26, 27 As shown in the reflectance spectrum of Figure  1b , the antenna resonance appears as a Lorentzian centered around ω a = 1.599 eV with a spectral width of γ a = 0.040 eV. A relative displacement s of the top antenna from the symmetric position allows the coupling of light into the quadrupolar mode resulting in an antiresonance (dip) of the reflectance (see Figure 1c) . The resonance width γ of the quadrupolar mode is given by the sum of two contributions: the intrinsic damping γ i and the radiative contribution γ c . For simplicity, in the following we will refer to the coupling between these two modes as γ c although strictly speaking the radiative damping will depend both on the coupling and antenna properties. The intrinsic width γ i is associated with nonradiative decay by the Joule effect in the metallic nanostructures and corresponds to the minimal value of the total spectral width γ. As the mode coupling is increased by symmetry breaking (increasing s, as shown in Figure 1d ), the quadrupolar mode broadens, and the contribution of γ c to the spectral width increases.
In the symmetry-broken configuration, the light impinging onto the system can follow two pathways: it is either directly scattered by the antenna or re-emitted after indirect excitation of the quadrupolar mode. The destructive interference between the direct and the indirect pathways yields a window of transparency, as a plasmonic equivalent to electromagnetically induced transparency. 14, 25 In the more general case where the antenna mode is detuned from the quadrupolar mode, both destructive and constructive interference can be observed. The resulting reflectance profile is modulated by an asymmetric line shape characteristic of Fano resonances. 16, 21, 28, 29 Around the resonance frequency of the quadrupolar mode ω 0 , the reflectance spectrum R is the product of the antenna reflectance R a by the asymmetric modulation function: 
where q and b describe the modulation asymmetry and modulation damping, respectively. In the case where the mode detuning is small compared to the antenna resonance width γ a , the modulation is symmetric (q = 0), and the modulation damping b becomes the ratio of the reflectance at the minimum of the anti-resonance in the symmetry-broken configuration (s ≠ 0) to the reference reflectance in the symmetric configuration (s = 0) at the same frequency: R(ω 0 ) = R a (ω 0 )b. As the mode coupling is increased, the modulation becomes more pronounced (see Figure 1e ): the modulation damping ranges from 1 in the weak coupling regime (γ c ≪ γ i ) and decreases monotonically to 0 in the strong coupling regime (γ c ≫ γ i ). For weak coupling, the modulation amplitude is extremely sensitive to the symmetry breaking. A relative displacement of 12 nm of the antenna induces 75% variation of reflectance. However, the monotonic behavior of the modulation parameters in the farfield reflectance spectra does not appear in the near-field. In Figure 1f , the electric field intensity enhancement associated with the quadrupolar mode initially increases along with the modes coupling but reaches a maximum for a specific value of the mode coupling and then decreases. The same behavior is reproduced for an isolated structure (see Figure S1 in the Supporting Information). The local near-field intensity enhancement depends on the total energy stored by the mode and the modal field distribution. As will be shown in the next subsection, the energy flow through a subradiant mode is the key parameter determining its radiance and role in Fano interference. Thus the results in Figure 1f allows us to classify the radiance of a subradiant mode into three distinct regimes: a weak coupling regime (I) where the mode energy increases monotonically with coupling; an intermediate regime (II) where the mode energy is maximal and the radiance is only weakly dependent on coupling; a strong coupling regime (III) where the mode excitation decreases with increasing coupling. The identification of energy transfer as the key parameter determining the radiance of the subradiant mode provides crucial insight for the rational design of Fano-resonant structures for specific applications. For instance, in sensing applications, the system should be positioned in the weak coupling regime. As will be demonstrated below, the extreme sensitivity to geometrical perturbations is due to a reversal of the relative role of the radiative and nonradiative contributions to the total damping. In SERS applications, the system should be in the intermediate coupling regime where the electromagnetic energy stored in the subradiant mode is maximal.
To provide more insights into the interplay between radiative and nonradiative decay, we introduce a general model for coupling of radiative and localized channels (see Figure 2) . The trade-off between radiative and nonradiative decays is a fundamental issue in quantum optics, in particular for the control of spontaneous emission, 30−32 and we will explicitly investigate it in Fano-resonant systems. The localized channel is a spectrally narrow resonant mode, such as the quadrupolar mode in Figure 1 . This mode is coupled to a continuum of radiative waves with constant γ c (the role of the dipole antenna is only to enhance the coupling efficiency between the resonant mode and the continuum). The in-coupled energy is either lost by nonradiative decay with a damping rate γ i or by reciprocity recoupled to the continuum with a rate γ c . Due to the constructive and destructive interference between the continuum and the recoupled wave, the amplitude of the observed signal carries an asymmetric signature. The nonradiative and radiative lifetimes of the resonant mode are given by γ i −1 and γ c −1
, respectively. During this process of energy exchange between the continuum and the resonant mode, part of the light intensity is decayed nonradiatively, which prevents complete destructive and constructive interference. The portion of light intensity which does not contribute to the interference is the modulation damping and is given by the ratio of the intrinsic width to the total width (eq S38 in the Supporting Information): The in-coupled energy is either lost by nonradiative decay with constant γ i or recoupled to the continuum. The total resonance spectral width is γ = γ c + γ i . Due to destructive or constructive interference between the direct and the indirect pathways, the spectral response is modulated by an asymmetric line shape. The parameter q, known as the Fano parameter, describes the degree of asymmetry. Nonradiative decay prevent full interference, resulting in a modulation damping. The modulation damping parameter b is given by the ratio of the intrinsic width to the total width. (b) For low radiative coupling γ c ≪ γ i , the resonant mode is weakly excited, corresponding to full reflectance in the plasmonic nanostructure. (c) For balanced lifetimes γ c = γ i , the resonant mode is fully excited, and transparency is observed. Only a nanometer-scale geometrical perturbation is necessary for this switching process, which can be used for the design of ultrasensitive nanosensors.
Let us now consider the electromagnetic energy storage in the resonant mode. In a conservative system (γ i = 0) more energy would be stored in the mode with decreasing coupling. In a nonideal case, however, intrinsic losses introduce dissipation, so that energy accumulation in the mode is negligible for very weak coupling. In the weak coupling regime (I), the modulation depth rapidly evolves as the radiative channel opens up for the resonant mode. As the coupling increases, the in-coupled energy balances the intrinsic losses, and the energy storage in the mode reaches a maximum (coupling regime II). For stronger coupling (III), the radiative channel limits the energy stored in the mode which decreases. The electromagnetic energy stored in the resonant mode has the following behavior as a function of the coupling:
derived in the Supporting Information. The regime of high energy storage (II) occurs when the radiative and non− radiative losses exactly compensate each other (γ c = γ i ), which is analogous to the impedance matching condition in the design of antennas. 10 This condition which we will refer to as the critical coupling, corresponds to b = 1/4 and can thus be deduced from the far-field pattern. The quantitative relations between modulation damping and energy storage drawn from this model are valid for any linear wave-propagating system with coupled radiative and nonradiative channels. In particular, the decomposition into three coupling regimes and the corresponding behavior of the modulation damping parameter are very well reproduced in the plasmonic nanostructure of Figure 1 . The extreme sensitivity of the plasmonic nanostructure to geometrical perturbations in the weakly interacting regime (I) stems from a transfer from low to full excitation of the resonant mode. During the process, light switches from total reflectance (see Figure 2b ) to transparency (see Figure  2c) .
The model system sketched in Figure 3a consisting of two coupled oscillators A and B, introduced as a mechanical analogue of Fano resonances, 33 provides a particularly simple and intuitive corroboration of the mechanisms described in our two-channel model. The oscillator A is forced and has a high damping constant γ a modeling both radiative and nonradiative losses of the antenna mode, whereas the oscillator B has a low damping constant γ i associated only to nonradiative losses. The equivalents of eqs 1, 2, and 3 for this system can be derived and expressed directly in the harmonic oscillator parameters (see the Supporting Information), which shows the universality of our approach. In Figure 3b , the two oscillators have different resonance frequencies, and the modulation is asymmetric. 19 This more general case of destructive and constructive interference corresponds to q ≠ 0 in eq 1. The presence of the resonant mode alters the intrinsic properties of the radiative channel, so that the spectral response is altered for strong coupling. In Figure 3c , the mode energy is equivalent to the amplitude of the oscillator B, which also increases as a function of the oscillator coupling and reaches a maximum when the coupling γ c balances intrinsic losses γ i . As the coupling increases, the width γ of the modulation becomes comparable to the width γ a of the oscillator A. For strong coupling, a splitting in the response of the oscillator B is observed, each individual resonance being a normal mode of the composite system, and the dip in the spectral response of oscillator A of the system is not Fano interference but just the sum of two Lorentzians centered on each hybridized mode. 23, 34, 35 This limiting case is the classical analogue of Autler−Townes splitting. 33, 34, 36 As an experimental illustration of the model, the optical properties of plasmons in a sub-wavelength array of gold nanostructures were investigated as a function of the nearestneighbor separation distance (see Figure 4) . In this system, the radiative channel is given by the light directly transmitted through the slits. This forms a nonresonant radiative continuum, in contrast to what was the case for the nanostructure of Figure 1 where a resonant dipole antenna coupled to the radiative continuum acts as the immediate emitter−receptor. Here, the plasmon associated the individual wires plays the role of the resonant mode weakly coupled to radiation. Figure S2 of the Supporting Information shows that the plasmon mode is excited only for an electric field polarization perpendicular to the wires, and at the resonance frequency hot spots are observed at the edges of the nanowires. For very small slit openings, the plasmon mode is not efficiently excited, and the reflectance in Figure 4b is close to that of an infinite gold film. As the gap opens, the coupling of the plasmon mode to the radiative continuum increases. The destructive interference of light re-emitted by the plasmon mode with the directly reflected light results in a dip in the reflectance spectrum and enhanced transmission through the nanoslits. 37 With this interference process which is also the physical origin of extraordinary optical transmission, 1,37 less light is reflected than the ratio of metal filling the unit cell (see Figure 4c) .
The opening of the gap increases the amount of light entering the slit and as a consequence the coupling of the plasmon mode to the radiative continuum. The ratio of the nonradiative to the radiative decay rate of the plasmon mode decreases and as a consequence also the modulation damping (see Figure 4c ). To probe the corresponding variation in nearfield intensity, we measure the SERS response of molecules adsorbed at the surface of the sample, enhanced as a function of the fourth power of the electric field amplitude. 8, 38 In Figure  4d , the SERS signal from the array is measured as a function of the gap size. Similarly to the reflectance, the SERS signal strongly depends on the polarization. 39 A maximum is observed for a gap of 55 ± 1.5 nm, and the corresponding value of the modulation damping parameter is 0.24. This value is in very good agreement with our universal theoretical prediction of maximal energy storage for 1/4, confirming experimentally the validity of the existence of a critical coupling for optimal nearfield enhancement. The modulation damping b is used here as direct quantitative indicator of the radiative decay rate. During the opening of the gap to full excitation of the plasmon mode (regime I), a change of 75% of the modulation damping is observed. In this regime, variations of the gap size measured with scanning electron microscopy (SEM) are probed optically by directly measuring the modulation damping: a linear fit of slope 0.009 nm −1 is obtained (see Figure 4e) . The horizontal error bars correspond to the standard deviation of the gap size measured with SEM over the area of illumination, which can reach the sub-nanometer scale. In these cases, the distance from the average of the gap size to the trendline is comparable to the standard deviation. This implies that, by using the trendline as a calibration curve, a measurement of the gap size at the subnanometer scale can be performed. With this method, the measurement is not limited by the spectral resolution of the apparatus.
Surface plasmon modes are extremely sensitive to perturbations of their radiance. The new concept of radiance sensing uses this advantage when the optical response of a subradiant mode switches from a nonresonant to a fully resonant situation. We now compare this approach to standard localized surface plasmon sensing, where the perturbation is monitored via a spectral shift of the resonance. 7, 8, 12 For approaches where the shift is calculated by fitting the entire line shape to an analytical formula, 12, 19, 20 the accuracy and stability of the fit in detecting a perturbation depends on the strength of the intensity variations of the line shape. In experimental measurements, the accuracy is determined by the signal-tonoise ratio, which also depends on the strength of the intensity variation at a fixed frequency. We therefore consider the strength of the intensity variations for a given displacement as the sensitivity of the system. Considering the system of Figure  1 , a perturbation is applied to the interparticle distance so that a spectral shift of the subradiant mode is observed ( Figure S3 of the Supporting Information). The sensitivity with respect to the antenna position in Figure S1 (controlling the radiance of the subradiant mode) is more than five times larger than the sensitivity with respect to the interparticle distance in Figure  S3 . This shows that radiance sensing is able to surpass the performance of standard localized surface plasmon sensing. In our particular experimentally fabricated gap array, radiance sensing has been used to detect geometrical displacements at the Ångstrom scale.
In conclusion, by analyzing the energy flow through a subradiant optical mode coupled to a radiative continuum, we have shown that the radiance of the subradiant mode is the key parameter determining its optical properties. We have demonstrated that the radiance can be classified as belonging to one of three different regimes: weak, intermediate, or strong interaction. This insight provides the key element of understanding needed for rational design of structures for optimal performance of a broad range of nano-optical devices such as nanoantennas, 3, 4, 10 plasmonic lasers, 40−42 infrared metamaterial, 12, 43 optomechanical, 44 nonlinear devices, 45, 46 and chemical and biological sensors. 8 For the weak radiance situation, we have introduced a novel concept of sensing, radiance sensing, and experimentally show that this sensing approach allows for detection of Ångstrom sized geometrical displacements. The development of ultra sensitive sensors based on radiance sensing has significant potential in a wide range of applications, such as in molecular rulers 11, 47 for monitoring noninvasively chemical or biological processes, strain sensors, 48 for optical trapping and manipulation, 2, 49 or in combination with specific materials for indirect sensing (for instance the pH, 50 the presence of hydrogen, or the local temperature 51 ).
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